$h \rightarrow \gamma \gamma$ in $U(1)_{R}-$ lepton number model with a
  right-handed neutrino by Chakraborty, Sabyasachi et al.
ar
X
iv
:1
41
1.
15
25
v2
  [
he
p-
ph
]  
10
 A
ug
 20
16
Prepared for submission to JHEP
HRI-P-14-10-001
h→ γγ in U(1)R− lepton number model with a
right-handed neutrino
Sabyasachi Chakraborty,a,1 AseshKrishna Datta,b Sourov Roya
aDepartment of Theoretical Physics, Indian Association for the Cultivation of Science, 2A & 2B
Raja S.C.Mullick Road, Jadavpur, Kolkata 700 032, INDIA
bHarish-Chandra Research Institute, Chhatnag Road, Jhunsi, Allahabad 211019, INDIA
E-mail: tpsc3@iacs.res.in, asesh@hri.res.in, tpsr@iacs.res.in
Abstract: We perform a detailed study of the signal rate of the lightest Higgs boson in the
diphoton channel (µγγ), recently analyzed by both the ATLAS and CMS collaborations at
the Large Hadron Collider, in the framework of U(1)R− lepton number model with a right
handed neutrino superfield. The corresponding neutrino Yukawa coupling, ‘f ’, plays a very
important role in the phenomenology of this model. A large value of f ∼ O(1) provides an
additional tree level contribution to the lightest Higgs boson mass along with a very light
(mass ∼ a few hundred MeV) bino like neutralino and a small tree level mass of one of the
active neutrinos that is compatible with various experimental results. In the presence of
this light neutralino, the invisible decay width of the Higgs boson can become important.
We studied this scenario in conjunction with the recent LHC results. The signal rate µγγ
obtained in this scenario is compatible with the recent results from both the ATLAS and
the CMS collaborations at 1σ level. A small value of ‘f ’, on the other hand, is compatible
with a sterile neutrino acting as a 7 keV dark matter that can explain the observation of a
mono-energetic X-ray photon line by the XMM-Newton X-ray observatory. We also study
the impact of µγγ in this case.
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1 Introduction
Recently two CERN based Large Hadron Collider (LHC) experiments, ATLAS and CMS,
have confirmed the existence of a neutral boson, widely accepted to be the Higgs boson, an
elementary scalar boson of nature [1, 2], with mass around 125 GeV. Almost all the decay
channels have been probed with reasonable precision. Out of these, results in the h → γγ
channel have attracted a lot of attention in recent times. The reason is two-fold: first,
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this is the discovery mode of the Higgs boson and second, being a loop induced process
it may potentially carry indirect hints of new physics. The results reported so far show
some deviations with respect to the Standard Model (SM) prediction. For example, the
ATLAS collaboration reported µγγ = 1.17 ± 0.27 [3], where µγγ = σ(pp→h→γγ)σ(pp→h→γγ)SM . On the
other hand, CMS collaboration reported a best-fit signal strength in their main analysis
[4] where, µγγ = 1.14
+0.26
−0.23. Moreover, a cut-based analysis by CMS produced a slightly
different value, which is quoted as µγγ = 1.29
+0.29
−0.26. This enhancement or suppression in
the h → γγ channel with respect to the SM provide a natural testing ground for physics
Beyond the SM (BSM). Detailed studies have already been carried out for this particular
channel. For example, h → γγ is studied in a wide variety of supersymmetric (SUSY)
models namely, the minimal supersymmetric standard model (MSSM) [5–25], its next-to-
minimal version (NMSSM) [26–34], the constrained MSSM (CMSSM) [35–40] and also in
(B-L)SSM [41–44], left-right supersymmetric models [45], and in U(1)′ extension of MSSM
[46]. In [47], a triplet-singlet extension of MSSM has been studied and µγγ is computed.
Motivated by these results we would like to investigate the Higgs to diphoton mode in
the context of a supersymmetric scenario known as U(1)R− lepton number model, which
is augmented by a single right-handed neutrino superfield. It is rather well known that
supersymmetry is one of the very popular frameworks that provides a suitable dark matter
candidate and can also explain the origin of neutrino masses and mixing. However, the non-
observation of superpartners so far has already put stringent lower bounds on their masses
in different SUSY models, subject to certain assumptions. In the light of these constraints,
R-symmetric models which generically contain Dirac gauginos in their spectra (as opposed
to Majorana gauginos in usual SUSY scenarios) are very well motivated. In particular,
the presence of Dirac gluino in this class of models reduces the squark production cross
section compared to MSSM thus relaxing the bound on squark masses. Detailed studies
on R-symmetric models and Dirac gauginos can be found in the literature [48–98]. Flavor
and CP violating constraints are also suppressed in these class of models [58]. To construct
Dirac gaugino masses, the gauge sector of the supersymmetric Standard Model has to be
extended to incorporate chiral superfields in the adjoint representations of the SM gauge
group. A singlet Sˆ, an SU(2) triplet Tˆ and an SU(3) octet Oˆ, help obtain the Dirac gaugino
masses.
In this paper we consider the minimal extension of a specific U(1)R symmetric model
[84, 85] by introducing a right handed neutrino superfield [88]. In such a scenario the R-
charges are identified with lepton numbers such that the lepton number of SM fermions
and their superpartners are negative of the corresponding R-charges. Such an identification
leaves the lepton number assignments of the SM fermions unchanged from the usual ones
while the same for the superpartners become non-standard. This has an interesting conse-
quence for the sneutrinos which now do not carry any lepton number. Hence, although in
this model sneutrinos get non-zero vacuum expectation value (vev) in general, the latter do
not get constrained from neutrino Majorana masses which require lepton number violation
by two units. A sneutrino thus can play the role of a down type Higgs boson, a phenomenon
which has crucial implications [74, 79, 84, 85, 88] for our purpose that we would discuss
later in this work. The right handed neutrino, on the other hand, not only provides a small
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tree level Dirac neutrino mass but also gives rise to an additional tree level contribution
to the Higgs boson mass proportional to the neutrino Yukawa coupling [88]. When the
R-symmetry is broken, a small (<∼ 0.05 eV) Majorana mass for one of the active neutrinos
is generated at the tree level while the right handed sterile neutrino can have keV Majorana
mass and can be accommodated as a warm dark matter candidate 1.
A large Yukawa coupling f ∼ O(1) facilitates having the mass of the lightest Higgs
boson around 125 GeV without resorting to radiative contributions. Large values of f
also result in a very light neutralino with mass around a few hundred MeV. Cosmological
implications of having such a light neutralino is briefly discussed in ref. [88] for this model.
Some general studies regarding light neutralinos can be found in [100–109]. On the other
hand, in the regime of small Yukawa coupling f ∼ 10−4, the Higgs boson mass is devoid of
any large tree level contribution. Therefore, to obtain the mass of the lightest Higgs boson
in the right ballpark, radiative corrections have to be incorporated, which are required to be
large enough. This can be achieved either by having large singlet and triplet couplings [62],
λS , λT ∼ O(1), or by having a large top squark mass.
In this work, we study the implications of such a scenario with particular reference to
the diphoton final states arising from the decay of the lightest Higgs boson. We study this
scenario in conjunction with the recent results of µγγ obtained from the latest results of LHC
collaborations. This particular case under consideration has some important implications
since we can now afford rather light top squarks which potentially affect the resonant
production rate of the lightest Higgs boson and its decay pattern. Furthermore, presence
of a very light neutralino opens up new decay modes of the Higgs bosons which in turn
is subject to the constraints from Higgs invisible branching fractions. Also, in general,
presence of new particle states and their involved couplings would affect the proceedings.
The plan of the work is as follows. In Section 2 we briefly discuss the main features of
the model. The principal motivation and the artifacts of the U(1)R− lepton number model
are also discussed with reference to its scalar and the electroweak gaugino sector. In section
3, we discuss the scalar sector of the model in detail. In Section 4 we address the neutralino
and the chargino sectors. The masses and the couplings in these sectors play important
roles in the computation of µγγ . A thorough analysis of µγγ requires the knowledge of both
production and decays of the Higgs boson. In Section 5 issues pertaining to the production
of Higgs boson in the present scenario is discussed in some detail. Analytical expressions of
Higgs boson decaying to two photons in our model are also given in the same section. Section
6 is dedicated to the computation of the invisible decay width of the Higgs boson. Here we
also discuss the impact of the findings from the LHC pertaining to the Higgs sector on the
scenario under discussion for two distinct cases: a) when the neutrino Yukawa coupling is
large, i.e., O(1) and b) when it is O(10−4). We also provide µγγ and show its variation with
relevant parameters, along with the points representing the 7 keV sterile neutrino warm
dark matter in this model. We conclude in Section 7 with some future outlooks. The Higgs
boson couplings to neutralino and charginos in this model are relegated to the appendix.
1For a review on other models of keV sterile neutrino dark matter, see ref. [99].
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2 U(1)R-lepton number model with a right handed neutrino
We consider a minimal extension of an R-symmetric model, first discussed in [84, 85], by
extending the field content with a single right handed neutrino superfield [88]. Along with
the MSSM superfields, Hˆu, Hˆd, Uˆ
c
i , Dˆ
c
i , Lˆi, Eˆ
c
i , two inert doublet superfields Rˆu and Rˆd
with opposite hypercharge are considered in addition to the right handed neutrino superfield
Nˆ c. These two doublets Rˆu and Rˆd carry non zero R-charges (The R-charge assignments
are provided in table 1 and therefore, in order to avoid spontaneous R-breaking and the
emergence of R-axions, the scalar components of Rˆu and Rˆd do not receive any nonzero vev
and because of this they are coined as inert doublets.
Qˆi Uˆ
c
i Dˆ
c
i Lˆi Eˆ
c
i Hˆu Hˆd Rˆu Rˆd Sˆ Tˆ Oˆ Nˆ
c
U(1)R 1 1 1 0 2 0 0 2 2 0 0 0 2
Table 1. U(1)R charge assignments of the chiral superfields.
R-symmetry prohibits the gauginos to have Majorana mass term and trilinear scalar
interactions (A-terms) are also absent in a U(1)R invariant scenario. However, the gauginos
can acquire Dirac masses. In order to have Dirac gaugino masses one needs to include chiral
superfields in the adjoint representations of the standard model gauge group. Namely a
singlet Sˆ, an SU(2)L triplet Tˆ and an octet Oˆ under SU(3)c. These chiral superfields
are essential to provide Dirac masses to the bino, wino and gluino respectively. We would
like to reiterate that the lepton numbers have been identified with the (negative) of R-
charges such that the lepton number of the SM fermions are the usual ones whereas the
superpartners of the SM fermions carry non-standard lepton numbers. With such lepton
number assignments this R-symmetric model is also lepton number conserving [84, 85, 88].
The generic superpotential carrying an R-charge of two units can be written as
W = yuijHˆuQˆiUˆ
c
j + µuHˆuRˆd + fiLˆiHˆuNˆ
c + λSSˆHˆuRˆd + 2λT HˆuTˆ Rˆd −MRNˆ cSˆ + µdRˆuHˆd
+ λ′SSˆRˆuHˆd + λijkLˆiLˆjEˆ
c
k + λ
′
ijkLˆiQˆjDˆ
c
k + 2λ
′
T RˆuTˆ Hˆd + y
d
ijHˆdQˆiDˆ
c
j + y
e
ijHˆdLˆiEˆ
c
j
+ λN Nˆ
cHˆuHˆd. (2.1)
For simplicity, in this work we have omitted the terms κNˆ cSˆSˆ and ηNˆ c from the superpo-
tential. As long as η ∼ M2SUSY and κ ∼ 1 we do not expect any significant change in the
analysis and the results presented in this paper.
In order to have a realistic model one should also include supersymmetric breaking
terms, which are the scalar and the gaugino mass terms. The Lagrangian containing the
Dirac gaugino masses can be written as [71, 73]
LDiracgaugino =
∫
d2θ
W ′α
Λ
[
√
2κ1 W1αSˆ + 2
√
2κ2 tr(W2αTˆ ) + 2
√
2κ3 tr(W3αOˆ)] + h.c.,(2.2)
where W ′α = λα+ θαD
′ is a spurion superfield parametrizing D-type supersymmetry break-
ing. This results in Dirac gaugino masses as D′ acquires vev and are given by
MDi = κi
< D′ >
Λ
, (2.3)
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where Λ denotes the scale of SUSY breaking mediation and κi are order one coefficients.
It is worthwhile to note that these Dirac gaugino mass terms have been dubbed as
‘supersoft’ terms. This is because we know that the Majorana gaugino mass terms generate
logarithmic divergence to the scalar masses whereas in ref. [54], it was shown that the
purely scalar loop, obtained from the adjoint superfields cancels this logarithmic divergence
in the case of Dirac gauginos. Hence it is not unnatural to consider the Dirac gaugino
masses to be rather large.
The R-conserving but soft supersymmetry breaking terms in the scalar sector are gen-
erated from a spurion superfield Xˆ , where Xˆ = x+θ2FX such that R[Xˆ ] = 2 and < x >= 0,
< FX > 6= 0. The non-zero vev of FX generates the scalar soft terms and the corresponding
potential is given by
Vsoft = m
2
HuH
†
uHu +m
2
RuR
†
uRu +m
2
Hd
H†dHd +m
2
Rd
R†dRd +m
2
L˜i
L˜†i L˜i +m
2
R˜i
l˜†Ri l˜Ri
+ M2N N˜
c†N˜ c +m2SS
†S + 2m2T tr(T
†T ) + 2m2Otr(O
†O) + (BµHuHd + h.c.)
− (bµiLHuL˜i + h.c.) + (tSS + h.c.) +
1
2
bS(S
2 + h.c.) + bT (tr(TT ) + h.c.)
+ BO(tr(OO) + h.c.). (2.4)
The presence of the bilinear terms bµiLHuL˜i implies that all the three left handed sneutrinos
can acquire non-zero vev’s. However, it is always possible to make a basis rotation in which
only one of the left handed sneutrinos get a non-zero vev and one must keep in mind that
the physics is independent of this basis choice.
Such a rotation can be defined as
Lˆi =
vi
va
Lˆa +
∑
b
eibLˆb. (2.5)
Note that the index (i) runs over three generations whereas a = 1(e) and b = 2, 3(µ, τ).
This basis rotation implies that the scalar component of the superfield Lˆa acquires a non
zero vev (i.e. 〈ν˜〉 ≡ va 6= 0) whereas the other two sneutrinos do not get any vev. One
can further go to a basis where the charged lepton Yukawa couplings are diagonal. It is,
however, important to note that the charged lepton of flavor a (i.e. the electron) cannot
get mass from this Yukawa couplings because of SU(2)L invariance but can be generated
from R-symmetric supersymmetry breaking operators [84]. Moreover, we also choose the
neutrino Yukawa coupling in such a way that only Lˆa couples to
2 Nˆ c. In such a scenario the
left-handed sneutrino can play the role of a down type Higgs boson since its vev preserves
lepton number and is not constrained by neutrino Majorana mass. Hence one has the
freedom to keep a very large µd such that the superfields Hˆd and Rˆu get decoupled from
the theory. This is what we shall consider in the rest of our discussion.
With a single sneutrino acquiring a vev and in the mass eigenstate basis of the charged
lepton and down type quark fields the superpotential now has the following form (integrating
out Hˆd and Rˆu)
W = yuijHˆuQˆiUˆ
c
j + µuHˆuRˆd + fLˆaHˆuNˆ
c + λSSˆHˆuRˆd + 2λT HˆuTˆ Rˆd
− MRNˆ cSˆ +W ′, (2.6)
2For a detailed discussion we refer the reader to ref. [88].
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where
W ′ =
∑
b=2,3
f lbLˆaLˆ
′
bEˆ
′c
b +
∑
k=1,2,3
fdk LˆaQˆ
′
kDˆ
′c
k
+
∑
k=1,2,3
1
2
λ˜23kLˆ
′
2Lˆ
′
3Eˆ
′c
k +
∑
j,k=1,2,3;b=2,3
λ˜′bjkLˆ
′
bQˆ
′
jDˆ
′c
k ,
(2.7)
and includes all the trilinear R-parity violating terms in this model. In the subsequent
discussion we shall confine ourselves to this choice of basis but get rid of the primes from
the fields and make the replacement λ˜, λ˜′ → λ,λ′.
In this rotated basis the soft supersymmetry breaking terms look like
Vsoft = m
2
HuH
†
uHu +m
2
Rd
R†dRd +m
2
L˜a
L˜†aL˜a +
∑
b=2,3
m2
L˜b
L˜†bL˜b +M
2
N N˜
c†N˜ c +m2
R˜i
l˜†Ri l˜Ri
+ +m2SS
†S + 2m2T tr(T
†T ) + 2m2Otr(O
†O)− (bµLHuL˜a + h.c.) + (tSS + h.c.)
+
1
2
bS(S
2 + h.c.) + bT (tr(TT ) + h.c.) +BO(tr(OO) + h.c.). (2.8)
With this short description of the theoretical framework let us now explore the scalar and
the fermionic sectors in some detail in order to prepare the ground for the study of the
diphoton decay of the lightest Higgs boson.
3 The scalar sector
The scalar potential receives contributions from the F-term, the D-term, the soft SUSY
breaking terms and the terms coming from one-loop radiative corrections. Thus, schemat-
ically,
V = VF + VD + Vsoft + Vone−loop. (3.1)
The F-term contribution is given by
VF =
∑
i
∣∣∣∣∂W∂φi
∣∣∣∣2 , (3.2)
where the superpotential W is given by eq. (2.6). The D-term contribution can be written
as
VD =
1
2
∑
a
DaDa +
1
2
DYDY , (3.3)
where
Da = g(H†uτ
aHu + L˜
†
iτ
aL˜i + T
†λaT ) +
√
2(MD2 T
a +MD2 T
a†). (3.4)
The τa’s and λa’s are the SU(2) generators in the fundamental and adjoint representation
respectively. The weak hypercharge contribution DY is given by
DY =
g′
2
(H+u Hu − L˜+i L˜i) +
√
2MD1 (S + S
†), (3.5)
– 6 –
where g and g′ are SU(2)L and U(1)Y gauge couplings respectively. The expanded forms
of VF and VD in terms of various scalar fields can be found in [88]. The soft SUSY breaking
term Vsoft is given in Eq. (2.8) whereas the dominant radiative corrections to the quartic
potential are of the form 12δλu(|Hu|2)2, 12δλν(|ν˜a|2)2 and 12δλ3|H0u|2|ν˜a|2. The coefficients
δλu, δλν and δλ3 are given by
δλu =
3y4t
16π2
ln
(
mt˜1mt˜2
m2t
)
+
5λ4T
16π2
ln
(
m2T
v2
)
+
λ4S
16π2
ln
(
m2S
i
v2
)
− 1
16π2
λ2Sλ
2
T
m2T −m2S
(
m2T
{
ln
(
m2T
v2
)
− 1
}
−m2S
{
ln
(
m2S
v2
)
− 1
})
,
(3.6)
δλν =
3y4b
16π2
ln
(
mb˜1mb˜2
m2b
)
+
5λ4T
16π2
ln
(
m2T
v2
)
+
λ4S
16π2
ln
(
m2S
v2
)
− 1
16π2
λ2Sλ
2
T
m2T −m2S
(
m2T
{
ln
(
m2T
v2
)
− 1
}
−m2S
{
ln
(
m2S
v2
)
− 1
})
,
(3.7)
δλ3 =
5λ4T
32π2
ln(
m2T
v2
) +
1
32π2
λ4S ln
(
m2S
v2
)
+
1
32π2
λ2Sλ
2
T
m2T −m2S
(
m2T
{
ln
(
m2T
v2
)
− 1
}
− m2S
{
ln
(
m2S
v2
)
− 1
})
. (3.8)
We shall see later that for large values of the couplings λT and λS or large stop masses
these one-loop radiative contributions to the Higgs quartic couplings could play important
roles in obtaining a CP-even lightest Higgs boson with a mass around 125 GeV.
3.1 CP-even neutral scalar sector
Let us assume that the neutral scalar fields H0u, ν˜a (a = 1(e)), S and T acquire real vacuum
expectation values vu, va, vS and vT , respectively. The scalar fields Rd and N˜
c carrying
R-charge 2 are decoupled from these four scalar fields. We can split the fields in terms
of their real and imaginary parts: H0u = hR + ihI , ν˜
a = ν˜aR + iν˜
a
I , S = SR + iSI and
T = TR+ iTI . The resulting minimization equations can be found easily and with the help
of these minimization equations, the neutral CP-even scalar squared-mass matrix in the
basis (hR, ν˜R, SR, TR) can be written down in a straightforward way, where h4 corresponds
to the lightest CP even mass eigenstate [88]. In the R-symmetry preserving scenario the
– 7 –
elements of this symmetric 4× 4 matrix are found to be
(M2S)11 =
(g2 + g′2)
2
v2 sin2 β + (fMRvS − bµaL)(tan β)−1 + 2δλuv2 sin2 β,
(M2S)12 = f
2v2 sin 2β + bµaL −
(g2 + g′2 − 2δλ3)
4
v2 sin 2β − fMRvS ,
(M2S)13 = 2λ
2
SvSv sin β + 2µuλSv sinβ + 2λSλT vvT sinβ +
√
2g′MD1 v sin β − fMRv cos β,
(M2S)14 = 2λ
2
T vT v sinβ + 2µuλT v sin β + 2λSλT vSv sin β −
√
2gMD2 v sinβ,
(M2S)22 =
(g2 + g′2)
2
v2 cos2 β + (fMRvS − bµaL) tan β + 2δλνv2 cos2 β,
(M2S)23 = −
√
2g′MD1 v cos β − fMRv sinβ,
(M2S)24 =
√
2gMD2 v cos β,
(M2S)33 = −µuλS
v2 sin2 β
vS
− λSλT vT v
2 sin2 β
vS
− tS
vS
+
g′MD1 v
2 cos 2β√
2vS
+
fMRv
2 sin 2β
2vS
,
(M2S)34 = λSλT v
2 sin2 β,
(M2S)44 = −µuλT
v2
vT
sin2 β − λSλT vS v
2
vT
sin2 β − gM
D
2√
2
v2
vT
cos 2β, (3.9)
where tan β = vu/va and v
2 = v2u + v
2
a. The W
±- and the Z-boson masses can be written
as
m2W =
1
2
g2(v2 + 4v2T ),
m2Z =
1
2
g2v2/ cos2 θW . (3.10)
Note that the electroweak precision measurements of the ρ-parameter requires that the
triplet vev vT must be small (<∼ 3 GeV) [110]. In addition, our requirement of a doublet-like
lightest CP-even Higgs boson, in turn, demands a small vev vS of the singlet S as well.
This is because a small value of vS reduces the mixing between the doublets and the singlet
scalar S. In such a simplified but viable scenario in which the singlet and the SU(2)L triplet
scalars get decoupled from the theory, we are left with a 2× 2 scalar mass matrix. In this
case the angle α represents the mixing angle between hR and ν˜R and can be expressed in
terms of other parameters as follows
tan 2α = −2 f
2v2 sin 2β + bµaL − (g
2+g′2−2δλ3)
4 v
2 sin 2β
(g2+g′2)v2 cos 2β
2 + 2bµ
a
L cot 2β − 2v2
{
δλu sin
2 β − δλν cos2 β
} . (3.11)
3.2 Tree level mass bound on mh
In addition, in such a situation (with vS, vT ≪ v) it can be shown easily that the lightest
CP-even Higgs boson mass is bounded from above at tree level [88],
(m2h)tree ≤ m2z cos2 2β + f2v2 sin2 2β. (3.12)
The bound in Eq. (3.12) is saturated for vs <∼ 10−3 GeV, i.e., when the singlet has a
large soft supersymmetry breaking mass and is integrated out. The f2v2 term grows at
– 8 –
mh=125 GeV
HmhLTree
HmhLTree-bound
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Figure 1. The tree level mass of the lightest Higgs boson as a function of the singlet (S) vacuum
expectation value vS with f = 1.5, tanβ =4 and other parameter choices are as described in the
text. The upper bound on the tree level mass of the Higgs boson from eq. 3.12 is also shown.
f=1, vs=10-2 GeV
f=2, vs=10-2 GeV
f=1, vs=10-4 GeV
f=2, vs=10-4 GeV
200 400 600 800 1000
5
10
15
20
25
30
35
40
mt
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Figure 2. Mass-contours for the lightest Higgs boson with mh = 125 GeV in the mt˜ –tanβ plane
for large values of f and λT = 0.5.
small tan β and thus the largest Higgs boson mass is obtained with low tan β and large
values of f . We shall show in the next section that f ∼ 1 can be accommodated in this
scenario without spoiling the smallness of the neutrino mass at tree level. Therefore, for
f ∼ O(1), the tree level Higgs boson mass can be as large as ∼ 125 GeV where the peak in
– 9 –
the diphoton invariant mass has been observed and no radiative corrections are required.
This means that in this scenario one can still afford a stop mass as small as 350 GeV or
so and couplings λT and λS can be small (∼ 10−4) as well. This is illustrated in figure
(1) where, the lightest Higgs boson mass is shown as a function of vS for f = 1.5, tan β
= 4 and for a set of other parameter choices discussed later. One can see that for a very
small vS (<∼ 10−3 GeV) the tree level Higgs boson mass is 150 GeV and is reduced to 125
GeV for a vS ∼ 0.2 GeV. As vS increases further, (Mh)Tree starts decreasing rapidly and
the Higgs boson mass becomes lighter than 100 GeV. In such a case one requires larger
radiative corrections to the Higgs boson mass and this can be achieved with the help of
large triplet/singlet couplings (O(1)) and/or large stop mass. For example, with a choice
of λS = 0.91 and λT = 0.5, the one-loop radiative corrections to the Higgs boson mass
arising from these two couplings are sizable3. In this case, in order to have a 125 GeV Higgs
boson, the tree level contribution should be smaller and for a very small vS (∼ 10−4 GeV)
and large f (>∼ 1), this can be achieved with a larger tan β. The one loop corrections from
the stop loop must also be small and this is realized for small mt˜ and large tan β. This
is illustrated in figure (2) where we plot mass-contours for the lightest Higgs boson with
a mass of 125 GeV in the mt˜ – tan β plane for different choices of f and vS . One can see
from this figure the effect of a larger vS , which requires a larger stop loop contribution to
have a Higgs boson mass of 125 GeV.
4 The fermionic sector
The fermionic sector of the scenario, involving the neutralinos and the charginos, has rich
new features. In the context of the present study, when analyzed in conjunction with the
scalar sector of the scenario, this sector plays a pivotal role by presenting the defining issues
for the phenomenology of this scenario. Its influence ranges over physics of the Higgs boson
at current experiments and the physics of the neutrinos before finally reaching out to the
domain of astrophysics and cosmology by offering a possible warm dark matter candidate
whose actual presence may find support in the recent observations of a satellite-borne X-ray
experiment. Thus, it is of crucial importance to study the structure and the content of this
sector in appropriate detail.
A thorough discussion of µγγ in the present scenario requires a study of the masses and
the mixing angles of the neutralinos and the charginos. One of the natural consequences
of such a U(1)R-lepton number model with a right-handed neutrino is that one of the
left-handed neutrinos (the electron-type one) and the right-handed neutrino become parts
of the extended neutralino mass matrix. The electron-type neutrino of the SM can be
identified with the lightest neutralino eigenstate. We also address the issue of tree level
neutrino mass. Subsequently, we show that in certain region of the parameter space the
lightest neutralino-like state can be very light (with a mass of order 100 MeV). This may
contribute to the invisible decay width of the lightest Higgs boson. We study the validity
3These choices of λT and λS are not completely independent. Rather they follow a relationship derived
from the requirement of small tree level mass of the active neutrino. This will be discussed in the next
section.
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of the parameter space when it is subject to the constraint from invisible decay width of
the Higgs boson.
4.1 The neutralino sector: R-conserving case
In the neutral fermion sector we have mixing among the Dirac gauginos, the higgsinos,
the active neutrino of flavor ‘a’ (i.e., νe) and the single right-handed neutrino N
c once the
electroweak symmetry is broken. The part of the Lagrangian that corresponds to the neutral
fermion mass matrix is given by L = (ψ0+)TMDχ (ψ0−) where ψ0+ = (b˜0, w˜0, R˜0d, N c), with
R-charges +1 and ψ0− = (S˜, T˜ 0, H˜0u, νe) with R-charges -1. The neutral fermion mass
matrix MDχ is given by
MDχ =

MD1 0
g′vu√
2
− g′va√
2
0 MD2 − gvu√2
gva√
2
λSvu λT vu µu + λSvS + λT vT 0
MR 0 −fva −fvu
 . (4.1)
The above matrix can be diagonalized by a biunitary transformation involving two unitary
matrices V N and UN and results in four Dirac mass eigenstates χ˜0+i ≡
(
ψ˜0+i
ψ˜0−i
)
, with
i = 1, 2, 3, 4 and ψ˜0+i = V
N
ij ψ
0+
j , ψ˜
0−
i = U
N
ij ψ
0−
j . The lightest mass eigenstate χ˜
0+
4 is
identified with the light Dirac neutrino. The other two active neutrinos remain massless
in this case. Generically the Dirac neutrino mass can be in the range of a few eV to tens
of MeV. However, one can also accommodate a mass of 0.1 eV or smaller for the Dirac
neutrino by assuming certain relationships involving different parameters [88], which are
λT = λS tan θW (4.2)
and
MR =
√
2fMD1 tan β
g tan θW
. (4.3)
With these choices the Dirac mass of the neutrino can be written as
mDνe =
v3fg sin β√
2γMD1 M
D
2
λT (M
D
2 −MD1 ). (4.4)
where γ = µu+ λSvS + λT vT . It is straightforward to check from eq. (4.4) that by suitable
choices of the parameters f , λT and ǫ ≡ (MD2 −MD1 ), one can have a Dirac neutrino mass
in the right ballpark of <∼ 0.1 eV. Note that a choice of large f ∼ O(1) is possible for a small
λT (∼ 10−6) and nearly degenerate Dirac gauginos (ǫ <∼ 10−1) assuming µu, MD2 , MD1 in
the few hundred GeV range.
4.2 The neutralino sector: R-breaking case
R-symmetry is not an exact symmetry and is broken by a small gravitino mass. One can
therefore consider the gravitino mass as the order parameter of R-breaking. The breaking
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of R-symmetry has to be communicated to the visible sector and in this work we con-
sider anomaly mediation of supersymmetry breaking playing the role of the messenger of
R-breaking. This is known as anomaly mediated R-breaking (AMRB) [79]. A non-zero
gravitino mass generates Majorana gaugino masses and trilinear scalar couplings. We shall
consider the R-breaking effects to be small thus limiting the gravitino mass (m3/2) around
10 GeV.
The R-breaking Lagrangian contains the following terms
L = M1b˜0b˜0 +M2w˜0w˜0 +M3g˜g˜ +
∑
b=2,3
AlbL˜aL˜bE˜
c
b +
∑
k=1,2,3
AdkL˜aQ˜kD˜
c
k +
∑
k=1,2,3
1
2
Aλ23kL˜2L˜3E˜
c
k
+
∑
j,k=1,2,3;b=2,3
Aλ
′
bjkL˜bQ˜jD˜
c
k +A
νHuL˜aN˜
c +HuQ˜A
uU˜ c (4.5)
where M1, M2 and M3 are the Majorana mass parameters corresponding to U(1), SU(2)
and SU(3) gauginos, respectively and A’s are the scalar trilinear couplings.
The (Majorana) neutralino mass matrix containing R-breaking effects can be written
in the basis ψ0 = (b˜0, S˜, w˜0, T˜ , R˜d, H˜
0
u, Nc, νe)
T as
Lmassχ˜0 =
1
2
(ψ0)TMMχ ψ
0 + h.c. (4.6)
where the symmetric (8× 8) neutralino mass matrix MMχ is given by
MMχ =

M1 M
D
1 0 0 0
g′vu√
2
0 − g′va√
2
MD1 0 0 0 λSvu 0 MR 0
0 0 M2 M
D
2 0 − gvu√2 0
gva√
2
0 0 MD2 0 λT vu 0 0 0
0 λSvu 0 λT vu 0 µu + λSvS + λT vT 0 0
g′vu√
2
0 − gvu√
2
0 µu + λSvS + λT vT 0 −fva 0
0 MR 0 0 0 −fva 0 −fvu
− g′va√
2
0 gva√
2
0 0 0 −fvu 0

.
(4.7)
The above mass matrix can be diagonalized by a unitary transformation given by
N⋆MMχ N
† = (Mχ)diag. (4.8)
The two-component mass eigenstates are defined by
χ0i = Nijψ
0
j , i, j = 1, ..., 8 (4.9)
and one can arrange them in Majorana spinors defined by
χ˜0i =
(
χ0i
χ¯0i
)
, i = 1, ...8. (4.10)
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Similar to the Dirac case, the lightest eigenvalue (mχ˜0
8
) of this neutralino mass matrix
corresponds to the Majorana neutrino mass. Using the expression of MR in eq. (4.3) and
the relation between λS and λT in eq. (4.2), the active neutrino mass is given by [88],
(mν)Tree = −v2
[
gλT v
2(MD2 −MD1 ) sin β
]2
[M1α2 +M2δ2]
(4.11)
where α and δ are defined as
α =
2MD1 M
D
2 γ tan β
g tan θw
+
√
2v2λS tan β(M
D
1 sin
2 β +MD2 cos
2 β),
δ =
√
2MD1 v
2λT tan β (4.12)
and the quantity γ has been defined earlier in section 4.1. This shows that to have an
appropriate neutrino mass we require the Dirac gaugino masses to be highly degenerate.
The requirement on the degree of degeneracy can be somewhat relaxed if one chooses an
appropriately small value of λT . Such a choice, in turn, would imply an almost negligible
radiative contribution to the lightest Higgs boson mass. Interestingly, the Yukawa coupling
does not appear in the expression for (mν)Tree in eq. (4.11). This is precisely because of the
relation between MR and f in eq. (4.3). However, ‘f ’ has some interesting effects on the
next-to-lightest eigenstates of the mass matrix. The following situations are phenomeno-
logically important:
• A large value of f ∼ O(1) generates a very light bino-like neutralino (χ˜07) with mass
around a few hundred MeV. In this case, this is the lightest supersymmetric particle
(LSP) and its mass is mainly controlled by the R-breaking Majorana gaugino mass
parameter M1. A very light neutralino has profound consequences in both cosmology
as well as in collider physics [100–109]. In the context of the present model one can
easily satisfy the stringent constraint coming from the invisible decay width of the
Z boson because the light neutralino is predominantly a bino. One should also take
into account the constraints coming from the invisible decay branching ratio of the
lightest Higgs boson. In our scenario h→ χ˜07χ˜08 (where χ˜08 is the light active neutrino)
could effectively contribute to the invisible final state. This is because, although χ˜07
would undergo an R-parity violating decay, for example, χ˜07 → e+e−ν, the resulting
four body final state presumably has to be dealt with as an invisible mode for the
lightest Higgs boson. Such constraints are discussed in detail later in this paper. Note
that Γ(h → χ˜07χ˜07) is negligibly small because of suppressed h-χ˜07-χ˜07 coupling for a
bino-dominated, χ˜07.
A 10 GeV gravitino NLSP could also decay to a final state comprising of the lightest
neutralino accompanied by a photon. In order to avoid the strong constraint on such
a decay process coming from big-bang nucleosynthesis (BBN) one must consider an
upper bound on the reheating temperature of the universe TR <∼ 106 GeV [104, 111].
In addition, such a light state is subjected to various collider bounds [100] and bounds
coming from rare meson decays such as the decays of pseudo-scalar and vector mesons
into light neutralino should also be investigated [105] in this context. The spectra of
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low lying mass eigenstates for the large f case will be shown later for a few benchmark
points.
• For small f ∼ O(10−4), χ˜07 is a sterile neutrino state, which is a plausible warm dark
matter candidate with appropriate relic density. Its mass can be approximated from
the 8× 8 neutralino mass matrix as follows:
MRN ≈ M1
2f2 tan2 β
g′2
. (4.13)
For a wide range of parameters, the active-sterile mixing angle, denoted as θ14, can
be estimated as
θ214 =
(mν)Tree
MRN
. (4.14)
Furthermore, the sterile neutrino can be identified with a warm dark matter candidate
only if the following requirements are fulfilled. These are: (i) it should be heavier than
0.4 keV, which is the bound obtained from a model independent analysis [112] and (ii)
the active-sterile mixing needs to be small enough to satisfy the stringent constraint
coming from different X-ray experiments [113].
Under the circumstances, the lightest neutralino-like state is the next-to-next-to-
lightest eigenstate (χ˜06) of the neutralino mass matrix. Its composition is mainly
controlled by the parameter µu, chosen to be rather close to the electroweak scale
(MD1 , M
D
2 > µu). The masses of the lighter neutralino states for this case (small f)
will be presented later.
4.3 The chargino sector
We shall now discuss the chargino sector in some detail as it plays a crucial role in the
decay h → γγ. The relevant Lagrangian after R-breaking in the AMRB scenario obtains
the following form:
Lch = M2w˜+w˜− +MD2 T˜+u w˜− +
√
2λT vuT˜
+
u R˜
−
d + gvuH˜
+
u w˜
− − µuH˜+u R˜−d + λT vT H˜+u R˜−d
− λSvSH˜+u R˜−d + gvaw˜+e−L +MD2 T˜+u w˜− +meecRe−L + h.c. (4.15)
The chargino mass matrix, in the basis (w˜+, T˜+u , H˜
+
u , e
c
R) and (w˜
−, T˜−d , R˜
−
d , e
−
L ), is written
as
Mc =

M2 M
D
2 0 gva
MD2 0
√
2vuλT 0
gvu 0 −µu − λSvS + λT vT 0
0 0 0 me
 . (4.16)
This matrix can be diagonalized by a biunitary transformation, UMcV
T = M±D . The
chargino mass eigenstates are related to the gauge eigenstates by these two matrices U and
V . The chargino mass eigenstates (two-component) are written in a compact form as
χ−i = Uijψ
−
j ,
χ+i = Vijψ
+
j , (4.17)
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where
ψ+i =

w˜+
T˜+u
H˜+u
ecR
 , ψ−i =

w˜−
T˜−d
R˜−d
e−L
 . (4.18)
The four-component Dirac spinors can be written in terms of these two-component spinors
as
χ˜+i =
(
χ+i
χ−i
)
, (i = 1, ..., 4). (4.19)
It is to be noted that χ˜ci ≡ (χ˜+i )c = χ˜−i is a negatively charged chargino. Hence, the lightest
chargino (χ˜−4 ) corresponds to the electron and the structure of the chargino mass matrix
ensures (see eq. 4.16) that the lightest mass eigenvalue remains unaltered from the input
mass parameter for the electron , i.e., me = 0.5 MeV.
Let us now analyze the composition of different chargino states and how they affect the
decay width Γ(h → γγ) in this model. Due to constraints from the electroweak precision
measurements one must consider a heavy Dirac wino mass [84]. Furthermore, a small
tree level Majorana neutrino mass demands a mass-degeneracy of the electroweak Dirac
gauginos as is obvious from eq. (4.11). In addition, we assume an order one λT which we
use throughout this work for numerical purposes. With these, we observe the following
features of the next-to-lightest physical chargino state which could potentially contribute
to µγγ :
• In the limit when MD2 >> µu, the next-to-lightest chargino, χ−3 (which is actually
the lightest chargino-like state in the MSSM sense), comprises mainly of R˜−d with a
very little admixture of T˜−d while χ
+
3 is dominated by H˜
+
u with a small admixture of
w˜+.
• For MD2 ≪ µu, χ−3 is predominantly w˜− while χ+3 is composed mainly of T˜+u .
• Finally, for MD2 ≈ µu, χ−3 is dominantly w˜− and χ+3 is mostly made up of T˜+u .
Apart from the electron, the mass of the chargino states are controlled mainly by
the parameters MD2 and µ. We have varied the input parameters in such a way that the
lightest chargino-like state is always heavier than 104 GeV [110]. The chargino mass spectra
corresponding to different benchmark points will be presented later.
5 Contributions to µγγ
The resonant production of the Higgs boson at the LHC, with the dominant contribution
coming from gluon fusion, is related to its decay to gluons by σˆ(gg → h) = π2Γ(h →
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gg)/8m3h. Thus, µγγ can be expressed entirely in terms of various decay widths of the
Higgs boson as follows [23, 24]:
µγγ =
σ(pp→ h→ γγ)
σ(pp→ h→ γγ)SM ,
=
Γ(h→ gg)
Γ(h→ gg)SM ,
ΓSMTOT
ΓTOT
.
Γ(h→ γγ)
Γ(h→ γγ)SM .
= kgg.k
−1
TOT.kγγ , (5.1)
where we use kgg ≡ σˆ(gg→h)σˆ(gg→h)SM =
Γ(h→gg)
Γ(h→gg)SM and kTOT =
ΓTOT
ΓSM
TOT
, ΓTOT being the total decay
width of the Higgs boson in the present scenario. The decay of h→ γγ is mediated mainly
by the top quark and the W±-loops in the SM and in addition, by top squark, charged
Higgs and chargino loops in our scenario. In the subsequent discussion we investigate these
widths in some detail.
As discussed before, note that in this model we have integrated out the down type
Higgs (Ĥd) superfield and the sneutrino ν˜a (a = 1(e)) plays the role of the down type
Higgs boson acquiring a large non-zero vev. The sneutrino (ν˜a) couples to charged leptons
(second and third generation) and down type quarks via R-parity violating couplings which
are identified with the standard Yukawa couplings. Thus, the couplings of the Higgs boson
to charged leptons and quarks remain the same as in the MSSM. This is apparent from the
first term given in eq. (2.7).
5.1 The decay h→ gg
The partial width of the Higgs boson decaying to a pair of gluons via loops involving quarks
and squarks is given by
Γ(h→ gg) = GFα
2
sm
3
h
36
√
2π3
∣∣∣∑
Q
ghQA
h
Q(τq) +
∑
Q˜
gh
Q˜
Ah
Q˜
(τ
Q˜
)
∣∣∣2, (5.2)
where τi = m
2
h/4m
2
i , GF is the Fermi constant, αs is the strong coupling constant and
AhQ(τ) =
3
2
[τ + (τ − 1)f(τ)] /τ2,
Ah
Q˜
(τ) = −3
4
[τ − f(τ)] /τ2, (5.3)
with f(τ) given by
f(τ) =

arcsin2
√
τ τ ≤ 1,
−1
4
[
log
1 +
√
1− τ−1
1−√1− τ−1 − iπ
]2
τ > 1.
(5.4)
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The couplings are given by
ghQ(u) =
cosα
sin β
,
ghQ(d) = −
sinα
cosβ
,
gh
Q˜
=
m2f
m2
Q˜
ghQ ∓
m2Z
m2
Q˜
(If3 − ef sin2 θW ) sin(α+ β), (5.5)
where the angle α is defined in eq. (3.11) and tan β = vu/va. The couplings of the Higgs
boson with the left- and the right-handed squarks are exactly the same as in the MSSM.
However, one can neglect the mixing between the left- and the right-handed squarks due
to the absence of the µ-term and the A-terms4.
As far as the production of the Higgs boson is concerned, we shall show later that a
rather light top squark with mass around 200−300 GeV enhances the value of kgg compared
to the SM. The SM and the MSSM results for the decay h→ gg can be found in [114–116].
5.2 The decay h→ γγ
In the SM, the primary contribution to the decay h→ γγ comes from theW boson loop and
the top quark loop with the former playing the dominant role. In supersymmetric models,
the charged Higgs (H±), top squark (t˜) and the chargino (χ˜±) provide extra contributions
in addition to the W boson and the top quark loop. The authors of ref. [24] have noted that
the relative strengths of the loop contributions involving the vector bosons, the fermions
and the scalars with mass around 100 GeV follow a rough ratio of 8 : 1.5 : 0.4. Nonetheless,
a light charged Higgs boson (H±) could contribute substantially if one considers a large
hH+H− coupling. However, since the triplet vev is small, the contribution of the triplet to
the charged Higgs state is negligible. On the other hand, charginos in loop could enhance
the h→ γγ decay width, in particular, when they are light and/or diagrams involving them
interfere constructively with the W -mediated loop diagram.
The Higgs to diphoton decay rate can be written down as [114]
Γ(h→ γγ) = GFα
2m3h
128
√
2π3
∣∣∣∑
f
NcQ
2
fg
h
fA
h
1/2 + ghW+W−A
h
1 + ghH+H−A
h
0 +
∑
c˜
ghχ˜+i χ˜
−
j
Ah1/2
+
∑
f˜
Nce
2
f˜
g
hf˜ f˜
Ah0
∣∣∣2, (5.6)
where
Ah1 = −[2τ2 + 3τ + 3(2τ − 1)f(τ)]/τ2,
Ah1/2 = 2[τ + (τ − 1)f(τ)]/τ2,
Ah0 = −[τ − f(τ)]/τ2, (5.7)
4Actually, tiny ‘A’-terms are generated because of the breaking of R-symmetry but we can neglect them
in the present context.
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with the loop functions already defined in eq. (5.4). The relevant couplings are given by,
ghuu =
cosα
sin β
,
ghdd = −
sinα
cosβ
,
ghWW = sin(β − α),
ghH+H− =
m2W
m2
H±
[sin(β − α) + cos 2β sin(β + α)
2 cos2 θW
],
g
hf˜ f˜
=
m2f
m2
f˜
ghff ∓ m
2
Z
m2
f˜
[If3 − ef sin2 θw] sin(α+ β),
ghχ˜+i χ˜
−
j
= 2
mW
mc˜k
(ξij sinα− ηij cosα). (5.8)
Here ξij = − 1√2Vi1Uj4 and ηij = −
1√
2
(√
2λT
g Ui3Vj2 + Ui1Vj3
)
. The masses which appear in
the denominator of the couplings given above, represent physical masses propagating in the
loop. For example, mc˜k are the physical chargino masses, mf˜ are the physical masses of the
sfermions and so on. We present the complete set of Higgs-chargino-chargino interaction
vertices in Appendix A5.
As noted earlier, the largest contribution in the Higgs decay rate to two photons comes
from the W boson loop. Similar to the MSSM, the hWW coupling gets modified by the
factor sin(β−α). Hence, in order to have a significant contribution from the W boson loop
in our model, the angles α and β need to be aligned in such a way that one obtains a large
value of sin(β − α), which can be achieved in the decoupling regime, i.e., the coupling to
the lightest Higgs boson becomes SM like.
In fig. 3, we illustrate the variations of the couplings ghW+W− and ghχ˜+
3
χ˜−
3
, which
might play important roles in the decay h → γγ. We choose MD1 = 1.5 TeV, µu = 200
GeV, m3/2 = 10 GeV, mt˜ = 500 GeV, vS = 10
−4 GeV, vT = 10−3 GeV and retain a
near degeneracy between the Dirac gaugino masses with ǫ ≡ (MD2 −MD1 ) = 10−1 GeV,
with f = 0.8 and BµL = −(400)2(GeV)2. From the left panel of fig. 3 we observe that
the hWW coupling is almost SM like as we are essentially working in the decoupling limit.
This implies that theW -loop contribution in the h→ γγ process remains almost unchanged
with varying tan β. On the other hand, as µu << M
D
1,2, the next-to-lightest chargino state
is dominantly controlled by the µu parameter. For this case, the coupling ghχ˜+
3
χ˜−
3
is plotted
as a function of tan β in the right panel of fig. 3. One can clearly see that ghχ˜+
3
χ˜−
3
is already
much suppressed compared to ghW+W− , for the entire range of tan β. From the expression
for ghχ˜+
3
χ˜−
3
in eq. (5.8) it is straightforward to verify that this coupling remains very much
suppressed for all the different cases mentioned in section 4.3. The Higgs boson couplings
to heavier charginos are also highly suppressed as can be seen from fig. 4. Thus, the
contribution of charginos in Γ(h→ γγ) would, in any case, be insignificant. Referring back
to eq. (5.1), we are now in a position to have some quantitative estimates of the quantities
kgg and kγγ which control the signal strength µγγ . In fig. 5 we illustrate their variations
5For the MSSM case see refs. [116, 117].
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Figure 3. Couplings of the lightest Higgs boson to a pair of W -bosons (left) and to a pair of light
charginos (χ˜±
3
) (right).
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Figure 4. Couplings of the Higgs boson to heavier charginos. The thick black line represents the
coupling to the heaviest chargino (χ˜±
1
) whereas the blue dashed one represents the same to the
chargino immediately lighter to it (χ˜±
2
) .
(kgg in red and kγγ in blue) as functions of the mass of the top squark for various values of
tan β. We observe that kgg is not at all sensitive to tan β (all three curves in red for three
tan β values are found to be overlapping). This is since we considered gg → h production
via loops involving the top quark and the top squark. The couplings involved there carry
a factor cosα/ sin β, which varies only marginally with respect to tan β. Similarly kγγ also
remains insensitive with tan β. The reason being, Γ(h → γγ) receives major contribution
from the W boson induced loop where the involved coupling goes as sin(β − α). As shown
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vividly in the left panel of fig. 3 that hWW coupling remains almost unchanged with tan β.
As a result, kγγ shares the same feature as kgg as far as variation with respect to tan β is
concerned.
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Figure 5. Variations of kgg (in red) and kγγ (in blue) as functions of Mt˜ for tanβ = 4, 10, 35.
It is observed that for for light top squarks, kgg gets enhanced by a considerable amount.
However, in that very region , kγγ is rather small for small tan β, and it becomes somewhat
larger for higher tan β. However, it is found that kgg > 1 while kγγ < 1, all through. We
have also checked that the illustrated variations of kgg and kγγ are following their respective
gross trends in the MSSM closely in the limit of zero left-right mixing in the scalar sector.
Note that for this plot we have not incorporated the constraints from the mass of the
Higgs boson and the requirement of having no tachyonic scalar states. In section 6, while
discussing the quantitative impact of the recent LHC results on such a scenario, we present
results of detailed scan of the parameter space by including all these constraints.
All the previous plots consider a large values of ‘f ’ (f ∼ O(1)) for which one obtains
a large tree level correction to the Higgs boson mass as well as an appropriate mass for the
active neutrino at the tree level. We adopt such a scenario with relatively large values of
‘f ’ in our study of the Higgs boson decay rates which we present in the next subsection.
5.3 Higgs boson decaying to charginos and neutralinos
In the presence of much lighter charginos and neutralinos (as discussed in sections 4.2 and
4.3), an SM-like Higgs boson with mass around 125 GeV could undergo decays to a pair of
these states. We study these things in detail in this section.
It has been noted in section 4.2, that the smallest eigenvalue (mχ˜0
8
) of the neutralino
mass matrix corresponds to the neutrino mass. The next-to-lightest neutralino (χ˜07) turns
out to be a bino-like neutralino (the sterile neutrino) for large (small) values of ‘f ’. More-
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over, the mass of the next-to-next-to-lightest neutralino state (χ˜06) is mostly controlled by
µu. Since we have chosen µu to be very close to the electroweak scale, the Higgs boson
decay to a pair of χ˜06 is not possible. The presence of light neutralino states may enhance
the invisible decay width of the Higgs boson considerably. Amongst them, the most domi-
nant contribution comes from h-χ˜07-χ˜
0
8 coupling. However, a detailed study reveals that the
contribution of this coupling is not substantial and hence the corresponding decay width is
rather small. It is clear from fig. 6 that the h-χ˜07-χ˜
0
8 coupling grows for small tan β. This
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Figure 6. Variation of the h− χ˜07 − χ˜08 coupling as a function of tanβ.
is essentially because for smaller values of tan β, the sneutrino component of the lightest
Higgs boson mass eigenstate is large, which results in a slightly larger value of this coupling.
This fact also shows up for the invisible decay widths of the Higgs boson, which we will
discuss later.
On the other hand, the lightest chargino eigenstate (χ˜±4 ) corresponds to the electron.
The mass of the next-to-lightest chargino (χ˜±3 ) is again controlled by µu if µu < M
D
2 . Thus,
decay of the Higgs boson to a pair of χ˜±3 is not possible. The most general expressions for
the partial widths of the Higgs boson decaying to a pair of neutralinos (Γ(h→ χ˜0i χ˜0j)) or a
pair of charginos (Γ(h→ χ˜+i χ˜−j )) can be found in the Appendix A and B.
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5.4 The total decay width of the Higgs boson
In this section we collect the partial decay widths of the lightest Higgs boson that domi-
nantly contribute to its total decay width. The latter is thus given by6
ΓTOT = Γ(h→ bb) + Γ(h→ ττ) + Γ(h→ gg) + Γ(h→WW ∗) + Γ(h→ ZZ∗)
+ Γ(h→ γγ) + Γ(h→ χ˜0i χ˜0j) + Γ(h→ χ˜+i χ˜−j ).
(5.9)
For completeness, we present here the analytical expressions for all the decay rates which
go into our analysis but were not presented earlier. These are as follows:
Γ(h→ bb) = 3GFm
2
bmh
4π
√
2
( sinα
cos β
)2[
1− 4m
2
b
m2h
]3/2
,
Γ(h→ ττ) = GFm
2
τmh
4π
√
2
( sinα
cos β
)2[
1− 4m
2
τ
m2h
]3/2
,
Γ(h→WW ∗) = 3G
2
Fm
4
Wmh
16π3
sin2(α− β)R
(m2W
m2h
)
,
Γ(h→ ZZ∗) = 3G
2
Fm
4
Zmh
16π3
[ 7
12
− 10
9
sin2 θW +
40
27
sin4 θW
]
R
(m2Z
m2h
)
. (5.10)
The function R(x) is defined as [116, 118, 119]
R(x) = 3
(1− 8x+ 20x2)√
(4x− 1) arccos
(
3x−1
2x3/2
) − (1− x
2x
)
(2− 13x+ 47x2)− 3
2
(1− 6x+ 4x2) log x.
(5.11)
The Higgs boson decay rates to charginos and neutralinos are shown in Appendix A and B
respectively. The recent CMS analysis constrains the total decay width of the Higgs boson
to be less than 14 MeV or so [120]. In the subsequent sections we present the numerical
results of our analysis pertaining to the diphoton signal strength µγγ and subject this to
important experimental findings.
6 Impact of the LHC results
In this section, we discuss the impact of the findings from the LHC pertaining to the Higgs
sector on the scenario under discussion. As pointed out earlier, two broad scenarios based
on the magnitude of ‘f ’ worth special attention: the scenario with large ‘f ’ (∼ O(1)) and
the one for which ‘f ’ is rather small.
6.1 The case of large neutrino Yukawa coupling, f ∼ O(1)
A large neutrino Yukawa coupling (f ∼ O(1)) already enhances the tree level Higgs boson
mass. Thus, such a scenario banks less on large radiative contributions from the top squark
6We neglect the rare decay modes like H → Zγ, γ∗γ, µ+µ−, e+e− etc.
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loops to uplift the same. Further, an appropriately small tree level Majorana neutrino mass
(the lightest neutralino) can be obtained along with a light bino-like neutralino (χ˜07, the
next-to-lightest neutralino) once R-symmetry is broken explicitly, via anomaly mediation.
The mass of this neutralino is essentially controlled by the R-symmetry breaking Majorana
mass term of the U(1) gaugino (the bino), i.e., M1, and hence related to the gravitino mass
m3/2. Since we assume m3/2 ∼ 10 GeV, the next-to-lightest neutralino acquires a mass of
the order of a few hundred MeV. The presence of such a light bino like neutralino implies
an additional contribution to the total decay width of the Higgs boson. We also looked at
the diphoton signal strength µγγ and compared it with the latest ATLAS and CMS results.
6.1.1 Invisible branching ratio of the Higgs boson
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Figure 7. The lightest Higgs boson invisible branching ratio as a function of tanβ for different
values of λT . The horizontal line corresponds to the upper limit on the invisible branching ratio
from model independent analysis [121].
To take into account the constraints coming from the invisible decay branching ratio
of the lightest Higgs boson we have fixed MD1 = M
D
2 = 1.5 TeV, µu = 200 GeV, (i.e.,
M1,M2 << µu), m3/2 = 10 GeV, mt˜ = 500 GeV, vS = 10
−4 GeV and vT = 10−3 GeV with
f = 0.8, BµL = −(200)2(GeV)2. As discussed earlier, the partial decay width of the Higgs
boson decaying to a neutrino and a neutralino (h → χ˜07χ˜08) could essentially contribute to
the invisible final state. This can be understood from the fact that although χ˜07 would
undergo R-parity violating decays χ˜07 → qqν, e+e−ν, ννν, qq′e−, where q, q′ are the SM
light quark states from the first two generations, these decay modes involve very small
couplings and as a result, the decay length happens to be much larger than the collider
dimension. Therefore, the LSP neutralino contributes to missing energy (MET) signals
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[122]. Note that Γ(h → χ˜07χ˜07) is negligibly small because of suppressed h-χ˜07-χ˜07 coupling
for a bino-dominated, χ˜07.
We observe from fig. 7 that this partial decay width is comparatively larger for smaller
values of tan β and λT . However, it is clear that the presence of a bino-like neutralino state
is not yet constrained from the invisible decay mode of the Higgs boson in our scenario with
all the curves staying well below the experimentally derived [121] upper bound of ∼ 20%
for the invisible branching fraction of the Higgs boson.
6.1.2 The signal strength µγγ
It is now important to analyse the signal strength corresponding to the h→ γγ channel. In
fig. 8 we fix λT = 0.45, and f = 0.8, with all other parameters held at the values mentioned
in section 5.2. The red dashed lines represent the contours of mh = 124 GeV and 126.2 GeV
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Figure 8. Contours of various fixed values of mh (124 GeV and 126.2 GeV), µγγ and kTOT in the
mt˜ –tanβ plane. λT and f are fixed at 0.45 and 0.8, respectively. Other parameters are set at the
values as mentioned in the text.
respectively and enclose the experimentally allowed range of mh. The black thick lines are
the contours of fixed µγγ with values 1.15, 1.1, 1.05 and 1.03 respectively. Figure 8 shows
that there is an available region of parameter space consistent with the latest experimental
findings involving mh and µγγ . Relatively low values of the top squark mass results in an
increase of the cross section for the resonant Higgs boson production through gluon fusion
and thus enhances µγγ . On the other hand µγγ is almost insensitive to tan β for tan β ≥ 15.
This is because hbb coupling (which controls the total decay width of the Higgs boson in a
significant way) becomes independent of tan β for larger values of this parameter.
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Figure 9. Same as in fig. 8 but with λT = 0.5 and f = 1.
Figure 9 addresses the same issue but with f = 1 and λT = 0.5. Since a larger value
of λT already provides a significant contribution to the Higgs boson mass via radiative
correction, only light top squarks are compatible with the measured range of mh. Moreover,
a larger value of ‘f ’ implies a larger tan β to have the Higgs boson mass in the correct range.
It is pertinent to mention that these plots use spectra of particles which are consistent with
the lower bound on the lightest chargino mass (> 104 GeV, from the LEP experiments)
and are also free from tachyonic scalar states.
6.1.3 Relative signal strengths in different final states
In this subsection we briefly discuss how other final states arising from the lightest Higgs
boson are expected to be affected in our scenario relative to the γγ final state and where
they stand vis-a-vis the experimental results. Such a study of relative strengths over the
parameter space of our scenario would be indicative of how well the same is compatible with
the experimental observations in the Higgs sector, in a global sense. The recent results from
the ATLAS and the CMS collaborations on different decay modes of the lightest Higgs boson
are presented in table 2. In fig. 10, we present the µ-values reported by the ATLAS and
the CMS collaborations for different final states in the so-called signature (ratio) space, in
reference to µγγ .
In each plot, the blue circle (green square) represents the experimentally reported cen-
tral values for a given pair of observables from ATLAS and CMS collaborations, respectively.
The solid grey lines show the range of µ values as observed by the CMS experiment while
the dashed ones delineate the same as obtained by the ATLAS experiment. In order to
generate fig. 10 we vary tan β within the range 10 < tan β < 40. We have also varied the
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Channel µ (CMS) µ (ATLAS)
h → γγ 1.14+ 0.26− 0.23[4] 1.17+ 0.27− 0.27 [3]
h
ZZ∗−−−→ 4l 0.93+ 0.39− 0.32[123] 1.44+ 0.40−0.33 [3]
h
WW ∗−−−−→ 2l2ν 0.72+ 0.20− 0.18 [124] 1.0+0.30−0.30 [125]
h→ bb 1.0+ 0.5− 0.5 [126] 0.2+ 0.70− 0.60 [127]
h→ ττ 0.78+ 0.27− 0.27 [128] 1.4+ 0.5− 0.4[129]
Table 2. Signal strengths (µ) in different decay final states of the SM-like Higgs boson as reported
by the CMS and the ATLAS collaborations (with the corresponding references).
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Figure 10. Bands representing mutual variation of relative signal strengths in various possible
final states arising from the decay of the lightest Higgs boson as obtained by scanning the parameter
space of the scenario under consideration. The ranges of different parameters used in the scan are
as follows: 10 < tanβ < 40, 350 GeV < mt˜ < 1.5 TeV, 0.1 < f < 1 and 0.1 < λT < 0.55. The
solid grey lines give 1-σ ranges from the MVA based analysis (main analysis) performed by the
CMS collaboration (blue circles represent the respective central values) whereas the dashed grey
lines represent the corresponding results from the ATLAS collaboration (green squares represent
the respective central values).
mass of the top squark within the range 350 GeV < mt˜ < 1.5 TeV with 0.1 < f < 1 and
0.1 < λT < 0.55. All other parameters are kept fixed at the previously mentioned values
in section 5.2. While scanning, care has been taken to reject spectra with tachyonic scalar
states and to conform with the lower bound on the lightest chargino mass of 104 GeV as
obtained from the LEP experiment. Also, the scan required mh to be within the range of
124.0− 126.2 GeV as reported by the LHC experiments. The spread in the upper two plots
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in fig. 10 are due to the variation of f which affects µbb and µγγ whereas µWW and µZZ
remain unaffected. The values of µγγ is very much consistent with the recent ATLAS and
CMS findings. Finally, in order to have an idea of the mass-spectra of the light neutralino
and the chargino states, we provide a few benchmark points in table 3, for the large ‘f ’
scenario.
Parameters BP-1 BP-2 BP-3
MD1 1500 GeV 1000 GeV 1200 GeV
MD2 1500.1 GeV 1000.1 GeV 1200.1 GeV
µu 200 GeV 200 GeV 200 GeV
m3/2 20 GeV 20 GeV 10 GeV
tan β 25 35 40
mt˜ 500 GeV 400 GeV 400 GeV
f 0.8 0.8 0.8
λT 0.5 0.52 0.52
vS 10
−4 GeV 10−4 GeV 10−4 GeV
vT 10
−3 GeV 10−3 GeV 10−3 GeV
BµL −(400)2 (GeV)2 −(400)2 (GeV)2 −(400)2 (GeV)2
Observables BP-1 BP-2 BP-3
mh 124.98 GeV 125.45 GeV 125.73 GeV
(mν)Tree 0.04 eV 0.1 eV 0.08 eV
mχ˜0
7
168 MeV 169 MeV 84 MeV
mχ˜0
6
208.73 GeV 210.58 GeV 209.75 GeV
mχ˜0
5
208.74 GeV 210.59 GeV 209.76 GeV
mχ˜0
4
1504.17 GeV 1006.13 GeV 1205.29 GeV
mχ˜0
3
1504.23 GeV 1006.19 GeV 1205.31 GeV
mχ˜0
2
1.19×105 GeV 1.11×105 GeV 1.33 × 105 GeV
mχ˜0
1
1.19×105 GeV 1.11×105 GeV 1.33 × 105 GeV
mχ˜+
3
208.13 GeV 211.91 GeV 210.24 GeV
mχ˜+
2
1500.11 GeV 1000.11 GeV 1200.1 GeV
mχ˜+
1
1508.27 GeV 1012.15 GeV 1210.45 GeV
µγγ 1.07 1.11 1.11
Table 3. Benchmark sets of input parameters in the large Yukawa coupling (f) scenario and the
resulting mass-values for some relevant excitations. The Higgs signal strength in the diphoton final
state (µγγ) is also indicated.
6.2 The case of small Yukawa coupling, f ∼ O(10−4)
In the limit when the Yukawa coupling is small (f ∼ 10−4), the next-to-lightest neutralino
state becomes the sterile neutrino with negligible active-sterile mixing. The lightest neu-
tralino state is again the active neutrino. The tree level Majorana mass of the active
neutrino is given by eq. (4.11) whereas the sterile neutrino mass and the mixing angle
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between the active and the sterile neutrino are given by eqs. (4.13) and (4.14). We have
mentioned in the previous section that an X-ray line at around 3.5 keV was observed in the
X-ray spectra of the Andromeda galaxy and in the same from various other galaxy clusters
including the Perseus cluster. The observed flux and the best fit energy peak are shown
in [130, 131]. The origin of this line is disputed since atomic transitions in the thermal
plasma may also be responsible for this energy line. Nevertheless, a possible explanation
can be provided by taking into account a 7 keV dark matter, in this case a sterile neutrino
[130, 131]. As discussed earlier, the observed flux and the peak of the energy can be trans-
lated to an active-sterile mixing in the range 2.2×10−11 < sin2 2θ14 < 2×10−10. To satisfy
such small active sterile mixing, the tree level neutrino mass turns out to be very small
(O(10−5) eV). Therefore, in order to explain the neutrino mass and mixing, one needs to
invoke radiative corrections. For a detailed discussion, we refer the reader to [88]. It is also
important to study the signal strength of h→ γγ in the light of this 7 keV sterile neutrino
with appropriate active-sterile mixing.
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Figure 11. Contours of fixed values of mh, µγγ , MRN and sin
2 2θ14 in the f − tanβ parameter
space. The respective values of the contour lines are as shown in the figure. The shaded region
in grey corresponds to the experimentally allowed band of the lightest Higgs boson mass. Other
parameters are fixed at values mentioned in the text.
In fig. 11 we present the contours of mh, µγγ , M
R
N and sin
2 2θ14 in the f–tan β plane.
The contour of the sterile neutrino mass of 7 keV is shown with the thick black line. The
red dashed lines represent the contours of active-sterile mixing fixed at 2.2 × 10−11 and
2× 10−10. We have fixed MD1 at 1 TeV, maintaining a degeneracy ǫ = (MD2 −MD1 ) = 10−4
GeV. µu is fixed at 500 GeV. The other fixed parameters arem3/2 = 10 GeV,mt˜ = 400 GeV,
λT = 0.57, vS = −0.01 GeV, vT = 0.01 GeV and BµL = −(400)2 (GeV)2. The not so
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heavy top squark, as justified in section 6.1.2, enhances µγγ considerably and we show
the contours of µγγ at 1.1 and 1.114 respectively with blue dashed lines. Finally, the
grey shaded region is the parameter space consistent with the observed Higgs boson mass
124.0 GeV < mh < 126.2 GeV. Figure 11 clearly shows that for this choice of parameters
µγγ >∼ 1.1 is completely consistent with a 7 keV sterile neutrino dark matter and the
experimentally allowed range of Higgs boson mass. We have seen that charginos do not
provide much enhancement to µγγ due to its very suppressed couplings under the present
set-up. Furthermore, avoiding possible appearance of tachyonic scalar states restricts the
vev of the singlet from becoming large. Therefore, expecting an enhancement in µγγ via
suppression of the hbb coupling because of the singlet admixture seems unrealistic. Thus,
the only enhancement in µγγ can come from light top squarks. In addition, large radiative
corrections from λS and λT reduces the necessity of having heavy top squarks. In the
scatter plot of fig. 12 we show the possible range of variation of µγγ with varying mt˜. To
400 600 800 1000 1200 1400
0.98
1.00
1.02
1.04
1.06
1.08
1.10
1.12
mt
 HGeVL
Μ
Γ
Γ
Figure 12. Scatter plot showing possible range of variation of µγγ with varying mt˜. The blue
points are consistent with 7.01 keV < MRN < 7.11 keV. All points satisfy 124.0 GeV < mh < 126.2
GeV.
generate this plot we have chosen relevant parameters over the following ranges: 1 GeV <
m3/2 < 20 GeV, 5 < tan β < 40, 300 GeV < mt˜ < 1.5 TeV, 10
−5 < f < 3 × 10−4,
0.1 < λT < 1 and −0.01 GeV < vS < −1 GeV. Other parameters are retained at their
previously mentioned values (used to obtain fig. 11), maintaining the degeneracy between
the Dirac gaugino masses as already mentioned. Again, all these points are consistent with
124.0 GeV < mh < 126.2 GeV and free from any tachyonic scalar states. The effects of the
light top squarks results in some enhancement in µγγ . The blue points are consistent with
a keV sterile neutrino with mass ranging between 7.01 keV < MRN < 7.11 keV and is known
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Figure 13. Same as in figure 10 except for a small input value of f .
to be a fit warm dark matter candidate having the right relic density. Finally, it is again
very relevant to check the relative signal strengths for different decay modes of the lightest
Higgs boson in such a scenario with small ‘f ’; similar to what we have done in section 6.1.3
for the large ‘f ’ scenario. Figure 13 shows scattered points consistent with the CMS or/and
the ATLAS results at 1σ level. However, note that the scatter plot in the µγγ–µWW plane
is consistent only with the results from the ATLAS experiments at the 1σ level whereas
the the scatter plot in the µγγ–µbb plane is consistent only with the results from the CMS
experiments at the 1σ level. In the near future, a more precise measurement together with
an improved analysis is likely to become more decisive on this issue. Finally, for the sake
of completeness, in table 4 we provide three more benchmark sets comprising of the input
parameters of the small Yukawa coupling scenario (with (f ∼ 10−4)), the corresponding
mass-values of the relevant excitations and the Higgs signal strengths in the diphoton final
state (µγγ).
7 Concluding remarks
In this paper we study the h→ γγ channel in the U(1)R lepton number model with a right
handed neutrino. We show that the recent results from ATLAS and CMS on µγγ is very
much consistent with our outcomes for both the cases, i.e., f ∼ O(1) and f ∼ O(10−4).
We also show for large neutrino Yukawa coupling, f the light bino-like neutralino state is
not yet constrained from the invisible branching fraction of the Higgs boson.
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Parameters BP-4 BP-5 BP-6
MD1 1000 GeV 900 GeV 1200 GeV
µu 300 GeV 600 GeV 600 GeV
m3/2 4 GeV 10 GeV 15 GeV
tan β 35 25 15
mt˜ 500 GeV 500 GeV 500 GeV
f 9.9×10−5 8.9×10−5 1.21×10−4
λT 0.55 0.55 0.55
vS -10
−2 GeV -10−2 GeV -10−2 GeV
vT 10
−2 GeV 10−2 GeV 10−2 GeV
Observables BP-4 BP-5 BP-6
mh 125 GeV 124.257 GeV 124.448 GeV
mRN 7.03 keV 7.09 keV 7.03 keV
mχ˜0
6
292.375 GeV 571.91 GeV 587.24 GeV
mχ˜0
5
292.376 GeV 571.92 GeV 587.25 GeV
mχ˜0
4
1004.06 GeV 904.16 GeV 1203.24 GeV
mχ˜0
3
1004.07 GeV 904.19 GeV 1203.28 GeV
mχ˜0
2
1022.03 GeV 939.91 GeV 1222.84 GeV
mχ˜0
1
1022.72 GeV 939.83 GeV 1222.72 GeV
mχ˜+
3
311.56 GeV 609.77 GeV 608.27 GeV
mχ˜+
2
1000.01 GeV 900.01 GeV 1200.02 GeV
mχ˜+
1
1011.93 GeV 910.62 GeV 1208.7 GeV
sin2 2θ14 1.56 × 10−10 4.7× 10−11 2.8× 10−11
µγγ 1.07 1.06 1.06
Table 4. Same as in table 3 but for small Yukawa coupling with f ∼ O(10−4). In all three cases
we have chosen ǫ = 10−4 GeV. Neutrino mass at the tree level is very small (O(10−5) eV) and not
shown in the table (See text for more details).
So far we have seen that the model under consideration have already demonstrated
its ability to attract constraints from recent experiments in diverse areas ranging from the
neutrino to astro-particle physics and finally from the LHC experiments pertaining to the
Higgs sector and other BSM searches. It will be really interesting to see if the model can
provide any novel signatures as far as the collider experiments are concerned.
A The Higgs-chargino-chargino coupling
In this appendix we work out the Higgs-chargino-chargino coupling in the scenario under
discussion and present the analytical expression for the width of the lightest Higgs boson
decaying into a pair of charginos. The relevant Lagrangian in the two-component notation
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containing the Higgs-chargino-chargino interaction is given by
Lhχ˜+χ˜− = g
(
va +
Si2√
2
hi
)
w˜+e−L +
√
2λT T˜
+
u
(
vu +
Si1√
2
hi
)
R˜−d
+ g
(
vu +
Si1√
2
hi
)
H˜+u w˜
− − λS
(
vS +
Si3√
2
hi
)
H˜+u R˜
−
d
+ λT
(
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Si4√
2
hi
)
H˜+u R˜
−
d + g
(
vT +
Si4√
2
hi
)
T˜+u w˜
−
− g
(
vT +
Si4√
2
hi
)
w˜+T˜−d + h.c., (A.1)
where the matrix S connects the mass and gauge eigenstates of the CP even scalar mass
squared matrix, written in the basis (hR, ν˜R, SR, TR). To be more precise the physical
CP-even scalar states are related to the gauge eigenstates in the following manner:
h1
h2
h3
h4
 =

S11 S12 S13 S14
S21 S22 S23 S24
S31 S32 S33 S34
S41 S42 S43 S44


hR
ν˜R
SR
TR
 . (A.2)
In our notation the lightest physical state (h4) of the CP even scalar mass matrix corre-
sponds to the physical Higgs boson, h. Moreover, the charginos χ˜±i are four component
Dirac fermions which arise due to the mixing between the charged gauginos and higgsinos
as well as the charged lepton of first generation. In order to evaluate find out the Higgs-
chargino-chargino coupling and to evaluate the Higgs boson partial decay width to a pair of
charginos, it is pertinent to write down the interaction Lagrangian in the four-component
notation. We now define the 4-component spinors as
W˜ =
(
w˜+
¯˜w
−
)
, H˜ =
(
H˜+u
¯˜
R
−
d
)
, T˜ =
(
T˜+u
¯˜
T
−
d
)
, L(4)e =
(
ecR
e¯−L
)
. (A.3)
Using the transformation relations,
w˜+e−L = L¯
(4)
e PLW˜
T˜+u R˜
−
d = H˜PLT˜
H˜+u w˜
− = W˜PLH˜
H˜+u R˜
−
d = H˜PLH˜, (A.4)
the Lagrangian in eq. (A.1) can be expressed in the four component notation as
L(4)
hχ˜+χ˜−
= g
S42√
2
hL
(4)
e PLW˜ +
√
2λT
S41√
2
hH˜PLT˜ + g
S41√
2
hW˜PLH˜ − λS S43√
2
hH˜PLH˜
+ λT
S44√
2
hH˜PLH˜ + g
S44√
2
hW˜PLT˜ − gS44√
2
T˜ PLW˜ + h.c. (A.5)
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The chargino masses can have any sign. By demanding that the four component Lagrangian
contains only positive masses for the charginos, we define the chargino states in the following
manner [132, 133]
χ˜+i = (ǫiPL + PR)
(
χ+i
χ¯−i
)
, i = 1, ..., 4 (A.6)
where ǫi carries the sign of the chargino masses, which can be ±1. When ǫ = −1, PR−PL =
γ5, which essentially implies a γ5 rotation to the four component spinors to absorb the sign.
Hence, the transformation relations involving only PL changes, which modifies the Feynman
rules. The two-component mass eigenstates (χ±i ) of the charginos are related to the gauge
eigenstates in a manner shown in eq. (4.17).
Using the following set of relations
PLW˜ = PLV
∗
i1ǫiχ˜i
PLT˜ = PLV
∗
i2ǫiχ˜i
PLH˜ = PLV
∗
i3ǫiχ˜i
PRW˜ = PRUi1χ˜i
PRH˜ = PRUi3χ˜i
PRT˜ = PRUi2χ˜i
PRL
(4)
e = PRUi4χ˜i, (A.7)
we rewrite eq. (A.5) in the mass eigenstate basis as
L(4)m
hχ˜+i χ˜
−
j
= ghχ˜i
(
ζ∗ijPL + ζjiPR
)
χ˜j, (A.8)
where
ζij =
[
S42√
2
Ui4Vj1 +
√
2
λT
g
S41√
2
Ui3Vj2 +
S41√
2
Ui1Vj3 − λS
g
S43√
2
Ui3Vj3
+
λT
g
S44√
2
Ui3Vj3 +
S44√
2
Ui1Vj2 − S44√
2
Ui2Vj1
]
ǫi.
(A.9)
The coupling is obtained from Eq. (A.8) as
g
2
[
ζ∗ij(1− γ5) + ζji(1 + γ5)
]
. (A.10)
It is now straightforward to compute the lightest Higgs boson decay width to a pair of
charginos, which we find as
Γh→χ˜+i χ˜−j =
g2
16πm3h
[{
m2h − (m2χ˜+i +m
2
χ˜−j
)
}2 − 4m2
χ˜+i
m2
χ˜−j
]1/2
[
(ζ2ij + ζ
2
ji)(m
2
h −m2χ˜+i −m
2
χ˜−j
)− 4ζijζjimχ˜+i mχ˜−j
]
. (A.11)
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χ˜+i
χ˜−j
h
Figure 14. The Higgs-chargino-chargino vertex.
Finally, if we assume the singlet and the triplet vev’s to be very small, this would imply that
the singlet and triplet mixing in the light CP-even Higgs boson states become negligible.
Under such an assumption, the CP even states can be written as
ν˜R ≃ va + 1√
2
(H cosα− h sinα)
hR ≃ vu + 1√
2
(H sinα+ h cosα) , (A.12)
where we have chosen S41 = cosα, S42 = − sinα, and S43 ∼ S44 ∼ 0. With this simplifica-
tion we can write
ζij =
[
− sinα√
2
Ui4Vj1 +
cosα√
2
(√
2λT
g
Ui3Vj2 + Ui1Vj3
)]
ǫi
= ξij sinα− ηij cosα, (A.13)
where
ξij = −Ui4Vj1√
2
ǫi
ηij =
1√
2
(√
2λT
g
Ui3Vj2 + Ui1Vj3
)
ǫi. (A.14)
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B The Higgs-neutralino-neutralino coupling
In a similar manner the interaction of the Higgs boson with neutralinos can be constructed
from the following (two-component) Lagrangian
Lhχ˜0χ˜0 =
g′√
2
(
vu +
Si1√
2
hi
)
b˜H˜0u −
g′√
2
(
va +
Si2√
2
hi
)
b˜νe + λS
(
vu +
Si1√
2
hi
)
S˜R˜0d
− g√
2
(
vu +
Si1√
2
hi
)
w˜H˜0u +
g√
2
(
va +
Si2√
2
hi
)
w˜νe + λT
(
vu +
Si1√
2
hi
)
T˜ R˜0d
+
[
λS
(
vs +
Si3√
2
hi
)
+ λT
(
vT +
Si4√
2
hi
)]
R˜0dH˜
0
u − f
(
va +
Si2√
2
hi
)
H˜0uN
c
− f
(
vu +
Si1√
2
hi
)
N cνe + h.c.
(B.1)
We stick to the notation for the lightest CP even physical scalar state being denoted by h4
and identified with the lightest Higgs boson h. We again define the 4-component spinors
as [134]
B˜ =
(
b˜
¯˜
b
T
)
, S˜ =
(
S˜
¯˜
S
T
)
, R˜d =
(
R˜0d
¯˜
R
0T
d
)
, H˜u =
(
H˜0u
¯˜
H
0T
u
)
,
T˜ =
(
T˜
¯˜
T
T
)
, W˜ =
(
W˜
¯˜
W
T
)
, νe =
(
νe
ν¯Te
)
, N c =
(
N c
N¯ cT
)
.
(B.2)
In terms of these spinors the 4-component Lagrangian takes the following form
L(4)
hχ˜0χ˜0
=
g′√
2
S41√
2
h
¯˜
BPLH˜u − g
′
√
2
S42√
2
h
¯˜
BPLνe + λS
S41√
2
h
¯˜
SPLR˜d − g√
2
S41√
2
h
¯˜
WPLH˜u
+
g√
2
S42√
2
h
¯˜
WPLνe + λT
S41√
2
h
¯˜
TPLR˜d + λS
S43√
2
h
¯˜
RdPLH˜u + λT
S44√
2
h
¯˜
RdPLH˜u
− f S42√
2
h
¯˜
HuPLN
c − f S41√
2
hN¯ cPLνe + h.c.
(B.3)
Eq. (B.3) represents the interactions in the gauge eigenstate basis. Neutralinos are physical
Majorana spinors, arising due to the mixing of the neutral gauginos, higgsinos as well as the
active (first generation) and sterile neutrino states. The four component neutralino state
is defined as
χ˜0i = (ǫiPL + PR)
(
χ0i
χ¯0i
)
, i = 1, ..., 8 (B.4)
where χ0i are two component neutralino mass eigenstates and they are related to the gauge
eigenstates as
χ0i = Nijψ
0
j , i, j = 1, ..., 8 (B.5)
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where ψ0 =
(
b˜, S˜, W˜ , T˜ , R˜d, H˜u, N
c, νe
)T
. As presented in Appendix A, in a similar fashion
we use the following transformation relations to write down the interaction Lagrangian
given in Eq. (B.3) in the mass eigenstate basis
PLB˜ = N
∗
i1PLǫiχ˜
0
i , PRB˜ = Ni1PRχ˜
0
i
PLS˜ = N
∗
i2PLǫiχ˜
0
i , PRS˜ = Ni2PRχ˜
0
i
PLW˜ = N
∗
i3PLǫiχ˜
0
i , PRW˜ = Ni3PRχ˜
0
i
PLT˜ = N
∗
i4PLǫiχ˜
0
i , PRT˜ = Ni4PRχ˜
0
i
PLR˜d = N
∗
i5PLǫiχ˜
0
i , PRR˜d = Ni5PRχ˜
0
i
PLH˜u = N
∗
i6PLǫiχ˜
0
i , PRH˜u = Ni6PRχ˜
0
i
PLN
c = N∗i7PLǫiχ˜
0
i , PRN
c = Ni7PRχ˜
0
i
PLνe = N
∗
i8PLǫiχ˜
0
i , PRνe = Ni8PRχ˜
0
i .
(B.6)
It is now straightforward to write down the Higgs-neutralino-neutralino interaction in the
4-component notation as
L(4)m
hχ˜0χ˜0
= g ¯˜χ0i h
(
ζ ′∗ijPL + ζ
′
jiPR
)
χ˜0j , (B.7)
where
ζ ′ij = S41
[g′
g
Ni1Nj6
2
+
λS
g
Ni2Nj5√
2
− Ni3Nj6
2
+
λT
g
Ni4Nj5√
2
− f
g
Ni7Nj8√
2
]
ǫi
+ S42
[Ni3Nj8
2
− g
′
g
Ni1Nj8
2
− f
g
Ni6Nj7√
2
]
ǫi + S43
[λS
g
Ni5Nj6√
2
]
ǫi
+ S44
[λT
g
Ni5Nj6√
2
]
ǫi + (i↔ j). (B.8)
χ˜0i
χ˜0j
h
Figure 15. The Higgs-neutralino-neutralino vertex.
Finally, the partial decay width Γ(h→ χ˜0i χ˜0j) is given as
Γh→χ˜0i χ˜0j =
g2
16πm3h(1 + δij)
[
{m2h − (m2χ˜0i +m
2
χ˜0j
)}2 − 4m2χ˜0im
2
χ˜0j
]1/2
×[ (
ζ ′2ij + ζ
′2
ji
) (
m2h −m2χ˜0i −m
2
χ˜0j
)
− 4ζ ′ijζ ′jimχ˜0imχ˜0j
]
. (B.9)
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Again in the limit where the singlet and triplet vev’s are very small, we can safely
ignore the contributions from S43 and S44. Furthermore, replacing S41 by cosα and S42 by
-sinα, we can write
ζ ′ij = η
′
ij cosα+ ξ
′
ij sinα, (B.10)
where,
η′ij =
[
g′
g
Ni1Nj6
2
+
λS
g
Ni2Nj5√
2
− Ni3Nj6
2
+
λT
g
Ni4Nj5√
2
− f
g
Ni7Nj8√
2
]
ǫi + (i↔ j),
ξ′ij =
[
g′
g
Ni1Nj8
2
+
f
g
Ni6Nj7√
2
− Ni3Nj8
2
]
ǫi + (i↔ j). (B.11)
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